A new pyrometallurgical process that involves recycling steel-making dusts and waste PVC simultaneously is proposed. In this work, firstly, a thermodynamic analysis of the proposed reaction process for steel-making dusts + PVC system is performed using the Facility for the Analysis of Chemical Thermodynamics (F*A*C*T) computational system. It is found that the simultaneous chlorination and reduction of ZnO and 
INTRODUCTION
Metal smelting and refining processes exhaust a large amount of various oxide wastes, e.g., dust, slag, sludge, waste refractory, etc. The oxide wastes contain heavy metal elements, such as, Zn, Pb and Ci^. A strong demand exists for a metallurgical process which enables recovering metal elements from the oxide wastes. On the basis of conventional metallurgical knowledge, we propose a high temperature process combined with a chlorination-reduction technique in which selective chlorination and reduction of oxides, followed by the vaporization of low boiling point chlorides, are conducted under appropriate conditions of controlled Cl 2 or HCl and O2 potentials and temperature.
The process must be reasonable from the economical and environmental viewpoints, because the target material of the process itself is industrial waste. To reduce the consumption of energy and material from natural sources, we employ waste materials of polyvinyl chloride (PVC: mainly consisting of C, Η and CI) as the chlorination and reduction reagent of this process. It is to be noted that a strong demand also exists for an environmentally safe process to treat or to recycle PVC wastes (e.g. PVC sheet: one of the major emissions from agriculture in Japan), since thermal decomposition of PVC in the incinerator results in the emission of hazardous HCl and organic chlorine compounds, e.g. dioxin, etc. /1,2/. In the process, hence, we treat two kinds of waste materials simultaneously and we can produce metal chlorides and metals as the commercial products from the novel process.
In the following sections of the present study, as the initial study, we investigate the engineering possibility of the novel process for metal oxide + PVC treatment by thermochemical calculation and reaction experiments for the case of the reaction between steel-making dust and PVC.
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In the steel-making dusts, electric arc furnace (EAF) dust usually contains 16-40 % Fe, 15-30 % Zn and 1-7 % Pb, with lesser amounts of alkaline metals 13/. The other typical steel-making dust is converter dust which contains 40-70 % Fe, 0.2-2 % Zn and 0.01 % Pb /4/, while the average Zn content in the converter dust is increasing with the increased scrap usage in steel-making converter process. Both EAF dust and converter dust are essentially considered as oxide mixtures of Fe20 3 and ZnO. As the starting material in the present study, we adopt the Fe^-ZnO system of which Fe/Zn ratio models EAF dust.
The effects of several metal oxides in the pyrolysis of PVC have been receiving increased attention, because of the ability of the oxides as fire retardant and smoke suppressant 15-11. In these cases, metal oxides play an active catalytic role in the dehydrochlorination process of PVC, while the amounts of metal oxide additives are relatively small. Recently, Tailoka and Fray 111 investigated chlorination of metallurgical residues including EAF dust with hydrogen chloride gas generated from the combustion of scrap PVC in excess air flow. They showed that about 80 % of total mass of zinc contained in 1 g of the dust can be removed as chloride vapor from the dust in 3 hrs by the process. The study is notable for the proposal of the process in which PVC is employed as the source of chlorine. However, their process is essentially hydrochlorination of metal oxides under oxidizing atmosphere, and the major products of the treatment of EAF dust are solid hematite and vaporized zinc chloride. The possibility of usage of PVC as simultaneous chlorinating and reducing reagent has not been investigated previously.
THERMODYNAMIC CONSIDERATIONS
In this study we performed thermodynamic analysis for the Fe203-Zn0-PVC system by using the Facility for the Analysis of Chemical Thermodynamics (F*A*C*T) /8/. It is well known that the thermal decomposition of PVC involves the elimination of HCl during the first degradation step in the temperature range between 250 and 350°C and leads to a conjugated polyene structure that can undergo further pyrolysis to yield a vast array of hydrocarbon products during the second degradation step/9-12/. A monomer of PVC (C 2 H 3 C1) is considered in the thermodynamic calculation by F*A*C*T in the present study. The chemical reactions relating to the decomposition of PVC can be described as follows:
(C 2 H 3 Cl) n (s) = HCl(g) + CxHy(s, 1, g)
The reactions associated with the reduction and chlorination of metallic elements in dust can be represented by
Fe 2 0 3 (s) + 3C(s) = 2Fe(s) + 3CO(g)
3Fe(s) + C(s)= Fe 3 C(s)
2.1 Phase Equilibria for Zn-Cl-O and Fe-Cl-0 Systems
To evaluate the possibility of separation of Zn from oxide waste, we investigate the phase equilibria for Zn-Cl-0 and Fe-Cl-0 systems.
The combined chlorine-oxygen potential diagrams for Zn-Cl-0 and Fe-Cl-0 systems are calculated at various temperatures, θ = 300 to U00°C. log(P cl /P ü ) In these cases, according to Eqs. (3) and (6), chemically equivalent Zn/Cl and Fe/Cl ratios for ZnCl 2 and FeCl 2 are taken as the initial composition. Here, we focus our major interest on the changes in the amounts of Zn and Fe containing species and HCl which is an undesirable product in our process. As seen in Figure 6 , solid or liquid ZnCl 2 are formed, at θ < 600°C. Liquid ZnCl 2 vaporizes to gaseous ZnCl 2 at θ > 600°C and a part of ZnCl 2 decomposes into gaseous Zn at θ > 750°C. We should also note that the amount of HCl increases at θ = 400 to 600°C, decreases slightly at θ = 600 to 800°C, and then increases at θ = 800 to 1100°C with increasing temperature. In this case, P02 and Pck> also increase with increasing temperature, as seen in (6) and (7)). Fe 2 0 3 is reduced to solid Fe at θ = 700 to 870°C (Eq. (8)) and at θ > 900°C, FejC forms (Eq. (9)). In this case, P 02 and Pen increase with the increasing temperature ( Fig. 9 ).
Comparing the two cases shown in Figures 6 and 7 , we find that the amount of HCl is much higher in the case of Fe^ + PVC, which is mainly owing to the difference in Gibbs energy of formation between ZnCl 2 (AG 0 = -278.8 kJ/mol at Τ = 1000 Κ) and FeCl 2 (AG° = -222.8 kJ/mol at Τ = 1000 Κ) /13/.
Ternary Systems
The variations of the equilibrium amounts of species for ternary reaction system of Figure 5 ). In the case of Figure 12 of higher PVC content, Pci2/P° is 10" 10 at θ > 900°C, as seen in Figure 14 . In this case, FeCl 2 (g) becomes stable (cf. Figure 5) . It is also shown in Figures 10 to 12 that Thus, the composition of 0.25Fe2O 3 /0.3ZnO/0.6PVC is selected as the model system for Zn separation experiments in the present study.
Converter Dust + PVC
Calculations are also made for the systems of 
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Wastes and Waste Polyvinyl Chloride temperature range of 100 to 1100°C at the equilibrium state. The figure shows that overall reactions of the Fe20 3 + ZnO + PVC system are exothermic at lower temperature due to the chlorination of Zn (and Fe) with large negative enthalpy change (e.g. for ZnCl 2 , ΔΗ°5 00Κ = -413.6 kJ/mol; for FeCl 2 , ΔΗ 0 50 οκ= -341 kJ/mol /13/), but the overall reactions become endothermic at higher temperature where reduction of Fe20 3 with positive enthalpy (e.g. ΔΗ°1 0 οακ= 5940 kJ/mol /13/) takes place. At θ > 900°C, especially, where ZnO is chlorinated to ZnCk and Fe^ is reduced to Fe, the reaction is endothermic in the three cases. This suggests that we need to heat the reaction system to achieve simultaneous chlorination and reduction with PVC. The heat can be given by combustion of H 2 , CO and/or hydrocarbons formed by thermal degradation of PVC. However, the problem of how to combust the degradation gas without affecting the chlorination and reduction of metal components needs further investigation during the practical process.
EXPERIMENTAL
Two series of experiments were made to study the reactions taking place: (1) Thermogravimetry-mass (TG-MS) analysis of the reaction between PVC and oxide mixtures; (2) Experiments of separation of zinc from ZnO +Fe203 +PVC mixtures in a batch-type reactor at 932°C under Ar atmosphere.
Materials
The raw materials used in the experiments of this study are ZnO, Fe^ and PVC powders of analytical reagent grades. The particle grades of ZnO, Fe203 and PVC are 0.3 μιυ, -100 mesh and 137 μπι, respectively. The PVC used in the present study has an apparent molecular weight of 1100. Predetermined amounts of ZnO, Fe20 3 and PVC are weighed and mechanically mixed for 30 minutes with a blender machine. The powder is pelleted under a standard load of 4.7><10 
TG-MS experiments
A 2050 TG-MS analysis apparatus (TA Instrument Inc.) which has an electronic micro-balance of resolution of 0.2 μg, equipped with a direct data acquisition system, is used in the study. Commercial purity helium (purity > 99.9999 %) is used as carrier gas in the experiments. The sample pellet is heated from 80 to 950°C with a heating rate of 40°C per minute, which is the maximum heating rate of the equipment The weight change during heating is recorded as the functions of time and temperature. Simultaneously, gas species sampled from the TG furnace during the reaction are identified by a mass analyzer. In the present study, we made TG experiments for the oxide + PVC system (Fe20 3 : ZnO : PVC = 0.25 : 0.3 : 0.6 in mol). TG measurements were also made for pure PVC for the sake of comparison.
Batch-Type Reactor Experiment
The experiments were carried out with a model batch-type reactor to study the separation of Zn and Fe from metal oxides + PVC mixtures. The schematic diagram of experimental apparatus is shown in Figure  21 . The experiments are made under the conditions of constant temperature of θ = 932°C, and Ar atmosphere of 101,325 Pa. In the present study, the flow rate of Ar, VAT, is changed as VA, = 36 to 780 Ncm 2 /min in various experiments, but kept constant in each experimental run. A predetermined amount (~20 g) of PVC + model dust pellets are dropped one by one through a quartz tube into the alumina crucible placed at the hot zone of the furnace. In the furnace, the materials in the pellets react to form volatile products and residual products in the crucible. The residual materials in the crucible are focused and supplied for chemical analysis in the present study. The analytical results of volatile materials are to be published in the other report Figure 22 shows the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for thermal decomposition of pure PVC under He atmosphere. Figure 23 shows the mass spectra of the vaporizing products of PVC decomposition (Fig. 22) at (a) 313°C  and (b) 475°C. It is to be noted that the gas line connecting the TG furnace to the MS equipment is heated at 350°C throughout the experiment It is hence difficult to detect strong MS signals concerning products of which vapor pressures are low at 350°C. As shown in Figure 22 , the decomposition reaction takes place in three stages: 63% of weight loss occurs at a temperature range of 250 to 400°C (stage 1); 28% of weight loss occurs at 400 to 570°C (stage 2); 5% of weight loss at 570 to 900°C (stage 3). This observation is qualitatively consistent with the results reported previously by many authors /9-12/. There is, however, a At present, we cannot decide which reaction is dominant in stage 2, but it is most likely that PVC degradation and partial reduction of FeÄ take place to some extent simultaneously with the vaporization of ZnCl 2 at stage 2 (cf. Figure 10) . At stage 3, as shown in Figure 27( 02 which relate to the reduction of iron oxide by C at a higher temperature than stage 2. However, in view of the mass percent of residual material of 45% and initial Fe content in PVC + oxide mixture of 27.7%, we conclude that the reduction of Fe20 3 is not completed at the end of the TG experiment. Further detailed investigation of TG-MS experiments for the PVC + oxide system is now being carried out.
RESULTS AND DISCUSSION

TG-MS Experiments
Batch-Type Reactor Experiments
The results of the batch-type reactor experiments are shown in Figure 26 . In the figure, the contents of zinc and iron in the residues in crucible after reaction under various argon flow rates at 932°C are plotted against Ar flow rate. It is seen in Figure 26 that the iron content in the residue is above 80% and increases slightly with increasing argon flow rate. Zinc content, on the other hand, is as low as 0.2% in mass percent and decreases slightly with increasing argon flow rate. According to X-ray diffraction analysis, Fe and Zn in the residue are in the state of metal or metallic compound. The observation is consistent with thermodynamic calculations in Figures 4 and 10 , which show that the simultaneous chlorination and reduction of ZnO and Fe20 3 is feasible in the system of 0.25Fe 2 O 3 / 0.3ZnO/0.6PVC at a temperature of about 900°C. Thus, it is found experimentally that the effective Zn/Fe separation can be achieved by the reaction between mixtures of Fe20 3 , ZnO and PVC.
5.CONCLUSIONS
In the present study, we have investigated the fundamental aspects of the reaction between steel-making dusts and PVC at high temperature. The results are summarized as follows:
(1) It is thermodynamically possible to produce ZnCl 2 and solid Fe by reaction between ZnO + Fe 2 03 dust and PVC in the temperature range of 700 to 1100°C where ZnCl 2 is gaseous under controlled chlorine and oxygen potentials.
(2) From the results of TG-MS experiments, it is found that, in the case of ZnO/Fe^s/PVC, CI in PVC is consumed to chlorinate Zn in the oxide at θ = 200 to 620°C. In this case, evolution of HCl is negligible compared with the case of pure PVC decomposition at the similar temperature range.
(3) From the results of batch-type reactor experiments, it is found that almost complete separation of Zn from Fe in Zn0/Fe 2 0 3 mixture is possible by means of the reaction process in which simultaneous chlorination and reduction are carried out by the reactions between PVC and oxide mixture at ~ 900°C under Ar atmosphere.
